Copper electrocatalysts derived from an oxide have shown extraordinary electrochemical properties for the carbon dioxide reduction reaction (CO 2 RR). Using in situ Ambient Pressure Xray Photoelectron Spectroscopy (APXPS) and quasi in situ Electron Energy Loss Spectroscopy (EELS) in a Transmission Electron Microscope (TEM), we show that there is a substantial amount of residual oxygen in nanostructured, oxide-derived copper electrocatalysts, but no residual copper oxide. Based on these findings in combination with Density Functional Theory (DFT) simulations, we propose that residual subsurface oxygen changes the electronic structure of the catalyst and creates sites with higher carbon monoxide binding energy. If such sites are stable under the strongly reducing conditions found in CO 2 RR, these findings would explain the high efficiencies of oxide-derived copper in reducing carbon dioxide to multi-carbon compounds such as ethylene.
3
A promising path towards a sustainable energy future with net-neutral CO 2 emissions is the combination of renewable electricity production with the electroreduction of carbon dioxide (CO 2 RR), that needs a suitable electrocatalyst. 1, 2 Among all pure metals, copper is the only one that gives a rich gamut of single-and multi-carbon products, [3] [4] [5] which can be explained by an optimal binding energy of CO to the surface. 6, 7 However, the explanation becomes more complicated when dealing with nanostructured copper materials derived from oxidized precursors, which show both higher activity and greatly enhanced selectivity towards multicarbon products. [8] [9] [10] [11] [12] [13] [14] [15] [16] It has been hypothesized that this could be related for instance to an increase of local pH, [17] [18] [19] grain boundaries, 20 undercoordinated sites, 21 or residual oxides. [22] [23] [24] Several groups have shown the existence of sites with higher CO binding energy in oxidederived copper. 23, 25 However, if the increased binding energy is caused by a simple shift of the dband in the catalyst (such as if we had nickel instead of copper), scaling relations would actually predict a higher overpotential for CO-CO-coupling on Cu(100). 7 Furthermore, an experimental study of different transition metals also suggests that an increase in CO binding energy actually lowers CO 2 RR activity. 5 In contrast, if the increased binding energy has a different origin, such an understanding could become a future strategy to overcome scaling relations.
A polycrystalline copper foil was exposed to electrochemical oxidation-reduction cycles that increased the overall CO 2 RR activity of the catalyst and improved the product yield towards more ethylene vs. methane ( Figure S1 ). This change in activity and selectivity comes together with a pronounced change in the O 1s APXPS (Figure 1 ). The reported photoelectron spectra were measured in situ, i.e. in the chemical environment of a few nm thick layer of electrolyte (4 mM KCl in 0.1 M KHCO 3 ), immediately after pulling the sample out of the beaker ( Figure   S2 ).
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However, small contributions from Cu(I) cannot be excluded as Cu(I) compounds are typically shifted by only ca. 100 meV to lower binding energies with respect to metallic copper. 30 After oxidation, the O 1s spectrum (Figure 1b ) gains two components that can be assigned to CuCO 3 /Cu(OH) 2 and Cu 2 O, respectively. 30, 31 Possible underlying intensity of the aforementioned adventitious oxygen peak at 531.7 eV cannot be resolved due to overlap with these components.
The corresponding Cu 2p 3/2 spectrum (Figure 2b) shows additional intensity at 934.6 eV which is in accordance with CuCO 3 /Cu(OH) 2 , whereas the Cu 2 O fraction cannot be resolved due to the small shift of Cu(I) species. Scanning the Cl 2p spectral region did not show any significant intensity ( Figure S4 ), proving the absence of CuCl compounds in spite of the presence of 4 mM chloride in the electrolyte (which is below the detection limit), which is in accordance with an earlier XAS study on a similar system. The initially oxidized and then reduced sample contains significantly more adventitious oxygen (green) than the pristine sample before oxidation. Intensities not normalized.
After reduction, the O 1s spectrum (Figure 1c) shows a substantially increased adventitious component at 531.7 eV (green), compared to the initial spectrum before oxidation. Furthermore, the oxidized and reduced samples give rise to an increased amount of liquid water on the sample, visible both by an increased liquid water peak in the O 1s spectrum and by a stronger attenuation of the Cu 2p line. This behavior was reproducible and not an effect of the background pressure of water vapor which was slightly lower for the oxidized and reduced samples, compared to the pristine one. The fact that the oxidized and reduced samples show a similar moist content (which is significantly higher than for the pristine sample) points away from surface polarity being the main cause of this effect. It is likely that mainly nano-structuring of the sample surface ( Figure   S5 ) causes the increased hydrophilicity.
For quantification of the relative increase of adventitious oxygen, attenuation by the water overlayer has to be considered. Figure S6 describes different normalization schemes which are based on different assumptions. As a result, the increase of adventitious oxygen after oxidation and four subsequent reduction cycles can be estimated to be in the order of a factor 10. We also observed K 2p intensity and additional C 1s intensity at 289 eV (Figure S7) sporadically associated with samples, which roughly scaled with each other. This indicates that the electrolyte contributes to the adventitious (green) oxygen component in the O 1s spectrum (Figure 1) , especially since the O 1s binding energy of carbonate is centered at about 531.7 eV. 30 However, whereas a strong correlation between adventitious oxygen and sample history is present (i.e. whether it was pre-oxidized or not), the correlation between K 2p and adventitious O 1s intensity is rather weak, giving rise to the conclusion that the adventitious oxygen signal is not solely caused by electrolyte. Furthermore, potential dependent XPS using the dip-and-pull method 26, 27 show that potassium is electronically not connected to the Cu working electrode (observable by a potential-dependent shift in apparent binding energy), whereas the best fit indicates that the adventitious oxygen component is mostly pinned to the Cu working electrode ( Figure S8 ). This supports the hypothesis that an additional species, which is electronically connected to the working electrode, contributes to the adventitious (green) component in the O 1s spectrum (Figure 1 ). The appearance of electrolyte in the spectra is further discussed in the Supporting information.
Recently, the existence of residual Cu 2 O in copper catalysts for CO 2 RR was discussed. 23, 24 However, the additional (green) peak at 531.7 eV in the O 1s spectrum cannot be caused by It is a reasonable hypothesis that subsurface oxygen contributes to the additional (green) spectral component in Figure 1c , overlapping with the aforementioned electrolyte contribution.
Also a contribution from specifically adsorbed HCO 3 -, supported by subsurface oxygen, is and excluded water formation in this site, which points to the fact that oxygen could indeed be stable in certain subsurface sites in an aqueous environment and in the presence of hydrogen. 34 Bluhm and co-workers have found an XPS spectroscopic signature of subsurface oxygen earlier in a copper catalyst for methanol oxidation. 35 In their study, peak assignments are tentative due to the challenging interpretation of data with many components and limited signalto-noise ratio at high photon energies. Our Density Functional Theory (DFT) calculations suggest a relative difference of XPS binding energy between subsurface and surface oxygen of 0.8-1.7 eV (Table S2) . Together with the known XPS binding energy of surface oxygen of ca.
530 eV, 36 it is consistent with the hypothesis that subsurface oxygen contributes to the additional spectral component at 531.7 eV. This is also in accordance with the silver-oxygen system that shows subsurface oxygen shifted towards higher XPS binding energy compared to surface oxygen. 37 This conclusion is further backed by quasi in situ oxygen K-edge Electron Energy Loss Spectra (EELS) of a copper nanoparticle catalyst in a Transmission Electron Microscope (TEM) (Figure 3 ). In this experiment, electrochemical modifications and electrolyte removal by rinsing in water were performed in a protective nitrogen atmosphere outside the microscope, followed by sample transfer into the microscope using a vacuum transfer holder. Due to this experimental scheme, the sample was never in contact with air during the experiment. Figure 3a shows the oxidized sample with an EELS signature resembling that of Cu 2 O. [38] [39] [40] Experimental details were Recently, Lee et al. 23 and Mistry et al. 24 proposed residual Cu 2 O after reduction that would explain the enhanced selectivity of oxide-derived Cu. Their in situ XANES data are consistent with a similar study by Eilert et al. 9 and an in situ Raman spectroscopy study by Ren et al., 11 that showed a pure metallic phase after holding the sample at reductive potentials, but their ex situ TEM work that occurred after long exposure to air and post mortem sample preparation showed the presence of an oxide phase (a reference sample reduced with H 2 indicated that the oxide phase was not solely caused by exposure to air). However, in the present study our APXPS experiment was carried out in situ and our TEM experiment in a quasi in situ environment 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 without exposure to air and shows that there are no residual oxides but a pure metallic phase with a small amount of subsurface oxygen.
It is worth noting the difference between residual copper oxides such as Cu 2 O or Cu(OH) 2 and trapped subsurface oxygen or OH -. Since the catalyst is formed by reducing an oxidized Cu sample, it is supposed that subsurface oxygen is still in a negative oxidation state, which is compensated by polarization of the conduction electrons in the surrounding, mostly metallic copper atoms. This leads to substantially different properties and crystal structure compared to the oxide phase, which contains Cu in an oxidation state +I or +II.
CO bonding on late transition metals such as copper is governed by an interplay between π-bonding and σ-repulsion. [42] [43] [44] Both depend on the d-band position, however, the σ-repulsion is also sensitive to the occupancy of the Cu sp-band. Thus an electron acceptor which withdraws charge from the sp-band can reduce the repulsion as shown by Xin et al. for the case 2O-CO/Ru(0001). 45 In particular the free energy at elongated distances in comparison to the equilibrium position is affected. 45 As an example, the influence of subsurface oxygen on the binding energy of CO on a Cu(100) surface was investigated by DFT. The CO binding energy was calculated for clean Cu(100) and for Cu(100) with an oxygen atom placed in interstitial sites in different layers below the surface (Table S3 ). Significant CO binding energy enhancement is observed for oxygen atom implantations down to the 3 rd subsurface layer.
Hence, we find that the interaction of the subsurface oxygen atom with the metal causes an increased CO binding energy ( Figure S12 ). A larger CO binding energy could lead to a higher CO coverage of the catalyst, which kinetically favors C-C-coupling over hydrogenation. There can be additional effects in the C-C coupling at longer CO-metal distances when electrolyte and water are present since the oxygen-induced changes minimize the σ-repulsion from the more The recent enhanced CO 2 selectivity correlation to grain boundaries in vapor deposited Cu on carbon nanotubes 20 could also be due to subsurface oxygen since the samples were exposed to air prior to the electrocatalytic measurements. Similarly the enhanced CO adsorption energy on reduced oxide-derived Cu is correlated to the amount of grain boundaries. 25 This could point to the fact that subsurface oxygen could preferentially be more stable and enhancing the reactivity of Cu metallic sites at grain boundaries.
Several studies have shown a preference for C-C-coupling on Cu(100) facets 8, 46 and Li et al.
proposed a break in scaling relations, caused by the stabilization of *C 2 O 2 on the particular surface geometry of Cu(100). 47 Furthermore, it was shown that an increased local pH, caused by the consumption of protons in the pores of a rough catalyst, also promotes C-C-coupling. 17, 18 However, studies which investigated those effects particularly for oxide-derived copper came to the conclusion, that neither the exposed facets 15 nor the increase in local pH 19 can sufficiently explain the extraordinary properties of these catalysts. An increased CO binding energy due to subsurface oxygen can thus be the crucial puzzle piece which makes oxide-derived copper so special for CO 2 reduction.
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The Journal of Physical Chemistry Letters   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In conclusion, we have shown by in situ APXPS and quasi in situ EELS a correlation between favorable electrochemical properties of an oxide-derived copper catalyst for the electrochemical reduction of carbon dioxide, such as higher activity and higher yields of ethylene versus methane formation, and the existence of subsurface oxygen which is formed by oxidation-reduction cycles. Both APXPS and EELS prove the absence of residual copper oxide in the reduced electrocatalyst. We propose a mechanism in which subsurface oxygen increases the CO binding energy to the catalyst by reducing the σ-repulsion. This mechanism kinetically favors C-C-bond formation due to a higher CO coverage on the catalyst. However, this could only occur if some special sites in the near-surface region sufficiently inhibit diffusion to the first layer where oxygen would subsequently be protonated to water. This finding provides further insight on the "oxide-derived copper story" as it contributes to the explanation of the outstanding change in electrochemical properties due to oxidation and reduction of copper.
ASSOCIATED CONTENT
Supporting Information.
The Supporting Information is available free of charge.
Spectra, illustrations, detailed discussions of side aspects, experimental and computational details (PDF)
AUTHOR INFORMATION
Notes
The authors declare no competing financial interests. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 
